The formation of fine-grained magnetite (t0.1 #m) at pH 7 and 25~ from aeration of Fe(II) chloride solutions is presented. The magnetite converted at 105~ to maghemite with poorly developed superstructure lines. Under the experimental conditions employed, as the initial [C1]/[Fe] ratio was increased from the stoichiometric value of 2, the final product contained increasing amounts oflepidocrocite. The degree ofcrystallinity of this phase, as measured by the width at half height of the 020 X-ray diffraction peak, also increased with this ratio. The hydrolysis rate (base consumption to maintain pH) showed a plateau whose position and extent changed with the initial [C1]/[Fe] ratio. Through this plateau region the Eh decreased to a minimum value the position of which was directly related to the [C1]/[Fe] value. The formation of lepidocrocite rather than magnetite is likely due to the high [C1] where there would be increased difficulty for neighboring OH to condense and eliminate HE0. The formation of Fe-O-Fe bonds in this condensation would be impeded by C1 substitution for OH either in the first formed green rust stage or during its oxidation.
INTRODUCTION
In the formation of pedogenic iron oxides the immediate environment in the zone of precipitation controis the direction of the reaction and the composition of the products. Many workers have investigated the effects of pH, oxidation rate, temperature, and ionic environment on the mineral phases formed, but often some of these parameters were controlled outside the range that would normally be encountered in soils. Taylor and Schwertmann (1974) showed that during the oxidation of an Fe(II) chloride solution around pH 7 and 20~ lepidocrocite (3,-FeOOH) with different amounts of goethite (a-FeOOH) and ferrihydrite (FesHOs'4H20) were formed. The addition of some initial Fe(III) or an increase in the temperature or Fe(II) concentration favored the formation of maghemite ('y-Fe203). Similar results were found by Hamada and Kuma (1976) who concluded that the upper limit of temperature for obtaining a pure lepidocrocite phase decreased with increased pH and initial [Fe(II) ]. Using high flow rates of CO2-free air (2 liter/min), they produced a pure ferromagnetic phase in the pH range 8-9.5 from a chloride solution, higher pH favoring goethite and lower pH favoring lepidocrocite or mixtures of lepidocrocite and goethite.
Using different experimental parameters many workers have found different end products for the oxidation of Fe(II) solutions. Misawa et al. (1974) found that lepidocrocite formed under slightly acid conditions with goethite being favored as the pH decreased. They maintained, however, that chloride was necessary for the formation of akaganeite 03-FeOOH). Kiyama
Copyright 9 1984, The Clay Minerals Society and Takada (1972) found that in the oxidation of FeC12 solutions at 70~ in which the pH was allowed to decrease during hydrolysis, goethite, lepidocrocite, and akaganeite formed, the proportion of the akaganeite increasing with higher [C1] / [Fe] ratios. Under the same experimental conditions, they obtained only goethite during the oxidation of FeSO4 solutions, suggesting a definite effect of anion on the reactions. In contrast, Taylor and Schwertmann (1978) showed that at low oxidation rates lepidocrocite formed as the dominant phase during the hydrolysis and oxidation of an Fe(II) sulfate solution around neutral pH and at ambient temperatures.
The many different phases formed during the oxidation of Fe(II) systems suggest that the oxidation rate, which can be influenced by pH, temperature, and other factors, is a dominant factor in determining the hydrolysis products. The rate of oxidation of an Fe(II) solution is to a first order reaction with regards to both [Fe] and dissolved oxygen concentration, and a second order reaction with regards to pH (Stumm and Lee, 1961) . The ionic environment can affect the oxidation rate (Stumm and Lee, 1961) and so influence the hydrolysis products in a oxidizing Fe(II) system (Schwertmann, 1959; Krause and Borkowska, 1963; Taylor and Schwertmann, 1978) .
The oxidation products of Fe(II) solutions are important because it is in this valence state that Fe is commonly mobilized during weathering and solubilized under the Eh-pH regime of some natural environments. Taylor and Schwertmann (1974) showed that lepidocrocite and maghemite formed together during
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Clays and Clay Minerals the oxidation of an Fe(II) chloride solution at pH 7, but in nature these two minerals are not found together, except when there has been an obvious thermal transformation oflepidocrocite to maghemite. Although the chloride system does not approximate to the normal natural soil environment, and small concentrations of Cl-and SO42-have little effect in a bicarbonate system, which is more realistic in terms of soil conditions and weathering (Stumm and Lee, 1961) , further investigation of the oxidation-hydrolysis of the chloride system was undertaken to elucidate how some of the environmental factors influence the final products. In these experiments the influence of variations in the initial [C1] / [Fe] ratio on the composition of the oxidation products was examined, and an explanation is offered for the effects produced by the changing [C1] on the reaction rates.
EXPERIMENTAL
The Fe(II) chloride solutions were oxidized in an 80mm high, parallel-sided glass weighing bottle with an internal diameter of 37 mm. The effective solution/air interface was 8.5 cm 2 after allowing for the area of electrodes and inserts. During the reaction the solutions were stirred by the triangular blade of a Radiometer TTA3 titration assembly at the lowest rotation rate (2300 rpm). The reaction vessel was fitted with Pt and calomel electrodes to measure Eh, a glass electrode for pH, a titrant-delivery tube, a delivery tube to allow N2 to flOW above the solution, and another tube to bubble N 2 or air into the solution. All inserts were immersed to a constant depth, and the orifice (0.55 mm diameter) of the air-delivery tube was maintained at a constant orientation with respect to the stirrer blade. The capillary-bore, titrant-delivery tube had a rounded end to minimize localized precipitation and resultant blocking of the exit orifice. These apparently minor details are important because of their influence on the oxidation rate. For example, a nonparallel-sided vessel presents a changing solution/air interfacial area which alters the oxidation rate at the solution surface, and very fast stirring produces turbulence or vortices which render the controlled rate of air bubbling meaningiess. The efficiency of stirring is influenced by the depth of immersion of the electrodes and other tubes, and the solution of 02 from the air bubbles is affected by the orientation of the bubble outlet with respect to the stirrer.
A stock solution was made by dissolving 31.3 g Merck AR FeC12.4H20 in 200 ml of N2-saturated H20. The solution was filtered to remove B-FeOOH which often forms as an oxidation product when FeC12.4H20 crystals are stored. Then 2.08 g of Fe powder and 7.5 ml of concentrated HC1 were added, and the solution was boiled until the added Fe was dissolved. The solution was again filtered, made up to 500 ml with N2-saturated H20, and then stored in well-stoppered and completely filled 100-ml volumetric flasks at 5~ Prior to use, the solution was transferred to a series of completely filled 10-ml volumetric cylinders which were stoppered and also stored at 5~ to minimize oxidation. In the majority of the experiments 6.76 ml of Fe(II) chloride solution (0.355 M Fe, 0.72 M C1) was added to 43.4 ml of N2-saturated distilled water into which N2 was bubbling and above which 50 ml/min of N2 also flowed at a constant rate. The pH was adjusted to 7 with 2.5 M NaOH, and the temperature was controlled at either 25 ~ or 0~ When pH 7 was attained, the N2 bubbling into the solution was replaced by 2 ml/min of air, controlled by a peristaltic pump (CO2 was not removed). Variations in the [CI]/ [Fe] ratio were made by the addition of NaC1 to the original 43.24 ml of N2saturated water.
When pH 7 was attained and the bubbling of air commenced, a recorder measured the subsequent additions of NaOH required to maintain this pH during the hydrolysis. The changes in the Eh were also continuously recorded. When hydrolysis was completed and the Eh had reached equilibrium, the oxidation was terminated and the precipitate was recovered by centrifugation, washed, and dried from acetone under a heat lamp for a few minutes. The product was then examined by powder X-ray diffraction (XRD) (CoKa radiation) utilizing a monochromator. The integrated peak intensities were measured with a planimeter, and the widths at half height of the diffraction peaks (WHH) were measured from the recorded diffractograms.
RESULTS
During the oxidation at 250C the solution and suspension changed from light green -* dark blue-green -~ yellow-brown similar to the color changes described by Hamada and Kuma (1976) in their preparation of lepidocrocite. In the present work, however, the final suspension was a brownish-black. At the lowest [CI]/ [Fe] ratio used (2.19), the end precipitate was ferromagnetic, and the XRD pattern gave spacings between those of magnetite and maghemite (d(220) = 2.956/~). A trace of lepidocrocite was also detected in the final product. Prolonged drying of the sample in air at 105~ caused the sample to change from black to red-brown, a color change that was accompanied by an observable shift in the XRD pattern towards the spacings of maghemite and the appearance of broad superstructure lines ( Figure 1 ). The line shifts were accompanied by a decrease in diffraction intensity of some lines and an increase in their WHH. Taylor and Schwertmann (1974) synthesized maghemite from an Fe(II) chloride system and suggested that magnetite was possibly the first phase in the formation of the fine-grained maghemites. The transformations of the ferromagnetic precipitate from black to red-brown and the shift in the XRD spacings in the present work support this earlier suggestion. The ease of oxidation of this magnetite to maghemite agrees with FarreU (1972) who noted that fine-grained magnetite (~70 mVg) is unstable and spontaneously oxidizes at room temperature to maghemite when exposed to oxygen.
During the oxidation of the original magnetic precipitate to the more maghemitic phase, the integrated intensity of the 220 XRD peak did not change, although the 111 reflection weakened. Likewise, the WHH of the 220 peak did not change on oxidation. If the precipitate was a mixture of several phases intermediate between magnetite and maghemite, oxidation should have caused a reduction in the WHH as the precipitate moved towards a single phase. The precipitates were heated under a lamp at about 100~ for 1 hr prior to their quantitative XRD analysis to achieve maximum and uniform oxidation at low temperatures. With increasing [C1]/ [Fe] ratios, the reaction times increased ( Figure 2 ), and lepidocrocite formed in increasing amounts. These data support an apparent inverse relationship between the decrease in area of the 220 maghemite line and the increase in area of the 020 lepidocrocite peak (Figure 3 ). The actual relationship between the integrated area of these peaks and the concentration ratio was not determined because it would be applicable only under the experimental conditions used. Moreover, a large error could be expected from so few samples. Although the results of only four experiments are shown here, about l0 series of experiments with [Cl]/[Fe] ratios of 2.2 and 9.1 in each series were carried out using slightly different parameters. In each series increasing the [C1]/ [Fe] ratios reduced the value of the magnetite/lepidocrocite ratio in the product. The maximum amount of lepidocrocite formed (sample GL82-211, Table l) constituted about 28% of sample. The peak areas of each phase can be regarded as being proportional to the percentage of the phase present because the mass absorption coefficient of the two phases are approximately the same (47.7 for maghemite and 43.7 for lepidocrocite for CoKa radiation). Electron micrographs (Figure 4) show that the magnetic phase was reasonably uniform in particle size. The WHHs of the 220 peaks of magnetite/maghemite, although varying slightly (Table 1) , did not change systematically with increasing [C1]/ [Fe] . The 020 peak of lepidocrocite, however, became sharper with increasing [CI] (Table 1) . To check this observation, lepidocrocite was synthesized at 0~ a temperature that favors lepidocrocite over magnetite, at [C1]/[Fe] = 2 and 9. The higher ratio again caused a reduction in the W H H of the 020 reflection. It cannot be ascertained whether the increase in the time for hydrolysis caused by the increase in the [C1]/ [Fe] ratio was solely responsible for the associated increase in crystallinity (decrease in WHH). The two experiments carried out at 0~ took 1270 rain (no added chloride) and 2020 rain (1 g NaC1 added, [C1]/[Fe] = 9.1) respectively; these times are much longer than those associated with synthesis at 25~ (290 rain, no added C1; 430 min for 1 g added NaCI, [C1]/[Fe] = 9.1), whereas the W H H of the 020 reflection was broader for the lower temperature samples (Table 1) . Figure 5 ) were also noted. Increasing values of the ratio depressed and delayed the m i n i m u m value of the Eh. This ability of foreign ions to alter Eh during the oxidation of an Fe(II) system has been noted in this laboratory for AP + and Ti 4+ where increasing cation concentration also increased the Eh of the system and altered the final oxidation products. With increasing [CI]/ [Fe] , the plateau duration and the proportion of the total hydrolysis represented by this plateau increased (Figure 2) .
Variations in the Eh-time plots with changes in the [C1]/[Fe] ratio (
The initial fast rate of hydrolysis was associated with a decrease in Eh ( Figure 6 ). In systems where excess CI was added, the Eh increased to a maximum and then decreased when the hydrolysis rate started to slow down approaching the plateau region. In earlier work using higher rates of air flow through the solution (Taylor and Schwertmann, 1974) , only a reduction of rate was observed and no plateau (rate = 0) region.
The plateau indicates that there is no base requirement to maintain the pH. In fact, the pH showed a small rise from the controlled value of 7 to about 7.1 in this region. When further hydrolysis again required added base to maintain pH, an associated rise in Eh was noted which increased very rapidly when about 95% of the total base requirement had been reached. The slope of this fast rise appeared to be independent of the [C1]/ [Fe] ratio ( Figures 5 and 6) . The precipitate was dark green to greenish-blue at the start of the plateau region but generally changed to yellow-brown beyond this region.
DISCUSSION
With fast oxidation of Fe(II) chloride solutions, the green rust phase, being very susceptible to oxidation, may transform to lepidocrocite as soon as it forms. Inasmuch as the formation and structural breakdown of the green rust phase during oxidation are important steps in the formation of lepidocrocite and magnetite, a further understanding of the processes involved is desirable. Some insight is gained from the results of Detournay et al. (1976) who oxidized FeC12 solutions, hydrolyzed to different degrees, with air and measured the subsequent variations in pH and Eh~ Their results showed that in the pH range 6-7 a plateau region existed through which the pH was relatively constant and that at the lowest rate of aeration (1.5 ml/min air vs. 2 ml/min in the present experiments) the pH rose slightly during the plateau region. They noted that during the initial drop in pH and rise in Eh, crystalline green rust I formed, and that lepidocrocite first appeared at the beginning of the plateau region. Detournay et ak (1976) suggested that the initial reactions involved the formation of green rust I wherein the Fe in the Fe(II)Fe(III) hydroxy-chloride compound was predominantly in the divalent state. During the second stage, extending to the start of the plateau region, this precipitate oxidized to about 55% of the total Fe, the maximum degree of oxidation at which the structure is still stable (Feitknecht and Keller, 1950) . Oxidation of the green rust phase must start as soon as it precipitates for lepidocrocite to be identified at the beginning of the plateau region. Detournay et al. (1976) stated that the plateau is a region of lepidocrocite formation in which [C1] and [Fe(II) ] increase as FeC12 is liberated from the structure. The slight increase in pH in the plateau region of these present experiments indicates that OH is also liberated and is possibly replaced by O to satisfy the increased valence demands as Fe(II) oxidizes to Fe(III). In the present experiments at constant pH, hydrolysis required a further addition of alkali beyond the plateau region. Either the hydrolysis had been continuous with the equivalent amount of OH necessary to maintain the pH being liberated in sufficient amounts from the transforming green rust, or hydrolysis was inhibited in the plateau region. The latter explanation appears likely because oxidation would be required for continuous hydrolysis at pH 7 and the oxidation of the precipitate would probably use most of the available dissolved 02 at this low air-flow rate. At higher air-flow rates, or different solution concentrations, the plateau region was not always observed, presumably due to the available 02 being sufficient to support both green rust formation and oxidation.
Inasmuch as the pH was controlled in the present experiments, variations in the Eh only reflected relative changes in the ratio of the concentration of the Fe(II) and Fe(III) species in solution. Before the plateau was reached, a continuous steady addition of alkali was necessary to maintain pH in this region. Especially for samples with higher [C1]/ [Fe] ratios, the Eh first decreased then rose to a maximum before it decreased again to its minimum value. The small amount of Fe(III) present in the original solution or that formed during the initial oxidation would produce this initial decrease in Eh when it reacted with Fe(II) to form the insoluble green rust phase. Continued oxidation altered the original green rust precipitate towards the unstable oxidized form. The increases in Eh during this stage (Figures 5 and 6) indicate either a continued decrease in [Fe(II)] or an increase in the solubility of the Fe(III) of the green rust species present. This rise in Eh, however, probably resulted from the particular conditions used in the experiments. In similar experiments carried out under slightly different conditions, where added NaC1 still changed the reaction rates and increased lepidocrocite formation, this rise in Eh was not observed or was less marked. The most characteristic feature of the Eh was its decrease towards a minimum value at the onset of the plateau and the attainment of this minimum near the end of this region (see Figure 6 ). Detournay et al. (1976) explained this decrease in Eh to be due to the start of the liberation of Fe(II) as chloride from the degrading green rust structure. At the termination of the plateau region the Eh again rose, slowly at first and then rapidly, as the [Fe(II) ] decreased due to the continued oxidation and hydrolysis.
The mechanism by which the increased [C1] altered the transformation path is not clear. According to Bernal et al. (1959) green rust I alters topotactically to maghemite by dehydration, or to lepidocrocite by oxidation. The transformation products in the oxidation of green rust I depend on the environmental conditions and pretreatment. A sample ofhydroxy-chloride green rust was made by the method of Taylor and McKenzie (1980) . When washed and quickly dried from diethyl ether, it transformed in air after 60 hr to poorly crystalline akaganeite and lepidocrocite, with akaganeite dominant. The dried material when immersed in water for 60 hr gave the same two products with increased amounts oflepidocrocite. When the green rust was not dried after washing and resuspended in distilled water and allowed to oxidize, magnetite with a trace of lepidocrocite formed. When, however, the washed and moist compound was left to oxidize in an NaC1 solution (~0.2 M), a much higher proportion of lepidocrocite formed with the magnetite. When air was passed through a stirring suspension and the pH was maintained at 7, the lepidocrocite became the dominant phase formed in the NaC1 solution. These changes in the oxidation products with environmental conditions are similar to those described by Taylor and McKenzie (1980) for similar green rust compounds.
The various oxidation products formed under different conditions and the increase in lepidocrocite crys-tallinity with increasing [C1] , as measured by the decrease in the WHH of the 020 reflection (Table 1) , suggest that the formation of lepidocrocite may have been via Solution rather than the solid state transformation implied by the term "topotactic." Even in solid state transformations, however, the composition of the external environment can exert an influence by controlling diffusion of ions and possibly inhibiting certain reactions. Thus, in the washed and dried green rust I exposed to air, C1-may have been inhibited from freely diffusing out during the oxidation stage. Its retention, therefore, led to the formation of akaganeite in which C1-is a necessary anion, being held in a "tunnel" structure. Chloride was likely able to diffuse out more freely when the green rust phase was not dried and was subjected to further oxidation under water; thus, akaganeite did not form. Furthermore, in an aqueous environment with a high [C1] , some of the surface OH may have been replaced by C1. This replacement would to some extent have limited the elimination of water by the condensation of two adjacent OH and the subsequent formation of Fe-O-Fe bonds necessary for magnetite. To demonstrate this effect of environment and to show that the Cl-rather than the Na + influenced the transformation, a sample of green rust I was prepared in the absence of excess chloride. After washing, half of the precipitate was immediately immersed in distilled water and the other half in 1 N CaC12 solution. After 60 hr of air contact, and with periodic adjustment of the pH to 7, the sample in water transformed to magnetite, while that in the chloride solution formed some lepidocrocite as well.
The presence of a high [C1] during the initial formation of the green rust may also have caused a higher degree of substitution of C1 for OH throughout the structure, thereby influencing the final oxidation products. This influence was shown for the oxidation products of the green rust formed in a system with a [C1]/ [Fe] ratio of 6.25. The washed precipitate aged in water to give magnetite and some lepidocrocite, whereas that aged in 1 M NaC1 gave increased amounts of lepidocrocite.
The hydroxy-carbonate green phase, expected to be common in soils (Taylor, 1980) generally oxidizes to goethite but can also transform to a magnetic phase (magnetite/maghemite), both minerals commonly occurring together in soils. A high chloride environment may instead cause some lepidocrocite to form, assuming that there is no overriding influence from other foreign ions. This suggestion is supported by a recent observation (Chittleborough et al., 1983 ) that lepidocrocite is present at higher concentrations in the profiles of low-lying coastal soils where the [C1] is higher. The effect of chloride is to some extent also evidenced by the common occurrence oflepidocrocite in the phases produced in the rusting of Fe under marine conditions. Although [C1] is generally low in lepidocrocite soils (U. Schwertmann, Lehrstuhl fiir Bodenkunde, Technische Universittit Mtinchen, Freising, West Germany, private communication) the [Fe(II)] would also be low because it would generally be precipitated as an insoluble carbonate from CO2-saturated water. Taylor and Schwertmann (1978) produced lepidocrocite from a carbonate system but with different oxidation rates to those described in the present paper. With such low [Fe(II)] (~0.02 M), low [C1] may exert an influence on the final product.
The influence of [C1] on the formation of akaganeite may be limited to the aerial oxidation of dry green rust I formed in a high [C1] environment (Taylor and McKenzie, 1980) , which may account for the rarity of akaganeite in nature.
